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Abstract
TheR2 scale invariant gravity theory coupled to conformally invariant matter is investigated.
We show that in the non-supersymmetric case the conformally coupled scalars belong to an
SO(1, 1 + n)/SO(1 + n) manifold, while in the supersymmetric case the scalar manifold
becomes isomorphic to the Ka¨hlerian space Mn=SU(1, 1 + n)/U(1) × SU(1 + n). In both
cases when the underlying scale symmetry is preserved the vacuum corresponds to de Sitter
space. Once the scale symmetry is broken by quantum effects, a transition to flat space
becomes possible. We argue that the scale violating terms are induced by anomalies related
to a U(1)R symmetry. The anomaly is resolved via the gauging of a Peccei-Quinn axion shift
symmetry. The theory describes an inflationary transition from de Sitter to flat Minkowski
space, very similar to the Starobinsky inflationary model. The extension to metastable de
Sitter superstring vacua is also investigated. The scalar manifold is extended to a much richer
manifold, but it contains alwaysMn as a sub-manifold. In superstrings the metastability is
induced by axions that cure the anomalies in chiral N = 1 (or even N = 0) supersymmetric
vacua via a Green-Schwarz/Peccei-Quinn mechanism generalized to four dimensions. We
present some typical superstring models and discuss the possible stabilization of the no-scale
modulus.
† Unite´ mixte du CNRS et de l’Ecole Normale Supe´rieure associe´e a` l’Universite´ Pierre et Marie
Curie (Parited s 6), UMR 8549.
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1 Introduction
It is well known that gravity theories based on higher derivative terms of the type Rn, where
R is the Ricci scalar, are equivalent to standard gravity theories with one additional scalar
degree of freedom φ [1] having a special potential [2]. The precise structure of this potential
is interesting, since it gives rise to a realization of the inflationary scenario in the early
Universe [3,4]. Starobinsky considers the simplest such possibility, adding an additional R2
term to the standard Einstein action. In the conformally equivalent theory to this R +R2
model, the scalar field φ has the following potential:
V = µ2
(
1− e−αφ)2 . (1.1)
The structure of this potential is such that it successfully describes a slow roll transition from
a de Sitter phase to a flat Minkowski phase. In fact, this potential is indeed very suggestive.
Firstly, it is semi-positive definite; for large positive values of φ, the potential asymptotes to
a vacuum with a positive cosmological constant, while for large negative values the potential
grows exponentially. Secondly the global vacuum at φ = 0 is stable with zero cosmological
term.
The Starobinsky model can be extended to a phenomenologically viable case by coupling
it to matter. Namely, one can couple fermions, gauge bosons and scalar fields to gravity, as
required in the realistic world. The precise couplings will play an essential role during the
subsequent reheating phase of inflation, and also in the determination of the ratio r of the
tensor versus the scalar perturbations [4]. In the Starobinsky model, the scalar perturbation
fixes the scale of inflation to µ ∼ 1013GeV . Furthermore it apparently gives rise to a
relatively small ratio r ∼ 10−3. These results are not in contradiction with observations by
the Planck and other astrophysical experiments [5], where they provided some upper bounds
on the amplitude of the tensor perturbations [4]. However, recent data from the BICEP2
astrophysical experiment suggest a significantly bigger value, namely r ∼ 0.2 [6]. If this
relatively large value turns out to be further confirmed by other astrophysical observations,
the minimal Starobinsky model will be disfavored. Hence a suitable generalization to an
inflationary model with a richer structure will be necessary.
Several works in the literature focus on the supergravity embedding of the Starobin-
sky model [7–15]. These supergravity extensions not only concern the N = 1 super-
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symmetrization, but also the super-symmetrization at the N = 2 level of the theory [15]
(to our knowledge the extension for N > 2 has not yet been investigated), where all these
extensions are performed at the classical level. In a sense, they are still incomplete for the
description of a realistic world, since N = 1 supersymmetry has to be spontaneously broken
to N = 0, including also the spectrum of the Standard Model of particle interactions.
The scope of our work is to understand the origin of the approximate de Sitter phase of
the R +R2 theory based on symmetry principles. We begin with the observation that the
pure R2 theory describes an exact de Sitter space as a consequence of an unbroken global
scale symmetry. Once this symmetry is softly broken by the standard Einstein term and/or
by other mass terms, then a slow “inflationary” transition towards flat Minkowski space
becomes possible. In order to understand the (quantum) origin of various scale violating
terms, we generalize, as a first step, the pure R2 theory by adding extra matter fields,
like conformally coupled scalars, fermions and gauge bosons, obtaining in this way a scale
invariant theory with a non trivial interacting structure, very similar to that of the low
energy Standard Model. It is then clear, even at this step, that the scale violating terms,
which are forbidden at the classical level thanks to scale invariance, will be induced at the
quantum level of the theory, where conformal and scale invariance are broken in a more
or less controllable way (at least for the matter sector of the theory). As a second step,
we consider the N = 1 supergravity extension of the R2 theory. This will give us further
insight into the structure of the scale violating terms. In particular the undressed Einstein
term R, which violates scale invariance, is induced at the quantum level of the theory via
an anomaly cancellation condition involving a U(1)R gauge symmetry. The corresponding
Fayet-Iliopoulos D-term [16] gives rise to the de Sitter cosmological contant [17, 18]. We
argue that the anomaly is resolved by gauging simultaneously a Peccei-Quinn axion shift
symmetry, or via the Green-Schwarz mechanism [19] adapted to four dimensions [20–22],
similar to the global supersymmetric case [23].1
Over the last years the derivation of de Sitter vacua and the embedding of inflationary
effective supergravity potentials to superstrings was discussed in many papers (see e.g. [25,26]
and for recent reviews on this subject [27–30]). For orientifolds with fluxes and branes
even some no-go theorems against stable de Sitter vacua were formulated [31] and ways
1The special role of anomalous U(1)’s in moduli stabilization and inflation was also discussed in [24].
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to bypass these arguments were subsequently discussed in [32, 33, 33–39]. In our paper
we will show how the scale symmetry of the R2 supergravity effective actions including
matter as well as the non-scale invariant gaugings from quantum effects can be naturally
derived from string compactifications with fluxes. In this way we will describe a new way to
obtain de Sitter vacua and inflation from underlying superstring constructions. In fact, the
structure of superstring effective supergravities (including matter) is by now well understood
(at least in orbifold and orientifold compactifications with fluxes), not only when N = 1
supersymmetry is preserved, but also when N = 1 supersymmetry is spontaneously broken
to N = 0 via geometrical fluxes. In many superstring compactifications the degrees of
freedom are organized in sectors with higher non-aligned supersymmetries. This is also
valid in N = 1 → N = 0 four-dimensional string compactifications. This is the situation
relevant for our discussion and it is realized in many four-dimensional heterotic superstring
constructions [40–43], where the six-internal coordinates define three “twisted” complex
planes, and where the states (and the quantum corrections associated to them) are organized
in sectors with higher supersymmetries: one N = 4 sector and three non-aligned N = 2
supersymmetric sectors. Furthermore, the situation often occurs in orientifold constructions
of the type II superstrings, where now the chiral states are localized on D-branes (for a
review on orientifolds with D-brane see e.g. [44]). In supergravity theories, such orbifold
constructions result in anomalous theories. The string effective supergravities however are
anomaly free thanks to the additional “twisted” [20,22,45] or localized D-brane states [21].
Therefore, the study of the vacuum structure of an N = 1 → N = 0 chiral model [45], as
well as the study of the underlying N = 4 and N = 2 sectors, are necessary for obtaining
quantitative control over the quantum corrections of the theory.
The paper is organized as follows. In the next section we first briefly recall the structure
of Einstein gravity plus an additional R2 interaction, and also the minimal version of a scale
invariantR2 theory without Einstein term. This theory will then be extended by introducing
conformally coupled scalar fields, which is equivalent in the Einstein frame to standard
gravity with a positive cosmological constant plus scalar fields with a quartic potential with
constant scalar mass terms. After breaking the scale invariance, a dynamical transition
from the scale invariant de Sitter phase to the non scale invariant flat phase occurs via
a dynamical inflationary potential. In sections three and four the N = 1 supergravity
extension of these theories will be discussed in some detail, where the matter part of the
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supergravity action in general is built from simultaneous F - and D-terms. Here the form of
the possible U(1) R-symmetry gaugings plays a crucial role for the determination of the final
scalar potential and its dynamical stability properties, as it can be done either in classical,
however anomalous fashion (called U(1)R gauging), but also in two non-anomalous ways,
which are related to the quantum contributions of the theory. Even more interestingly, these
two non-anomalous gaugings can be performed scale invariantly (called U(1)d dilatational
gauging) but also in a scale violating way (called U(1)t translational gauging), which reflects
the structure of the non-scale invariant theories of section 2.2, and which leads to inflationary
scalar potentials. Finally in section 5, the string derivation of these supergravity theories
from compactifications with fluxes will be discussed.
2 The R2 model plus conformally coupled matter
2.1 Preliminaries
It is well known that gravity theories with higher derivative terms of the type Rn, where R
is the Ricci scalar, are equivalent to standard gravity theories with one extra scalar degree
of freedom φ. Starobinsky considers the simplest such possibility [2], adding an additional
R2 term to the Einstein action2:
S =
∫
d4x
√
|g|1
2
(
R+ R
2
8µ2
)
. (2.1)
Introducing a Lagrange multiplier t, one can replace the R2 term with,
2tR− 8µ2t2 ,
which after the t equation of motion, t = R/8µ2, reproduces the initial R2 term. Thus the
action can be written in an equivalent way in terms of the scalar field t:
S =
∫
d4x
√
|g|1
2
{
(1 + 2t)R− 8µ2t2} . (2.2)
In this Jordan frame, t looks like a non-propagating field. This however is an illusion of this
frame. Performing a rescaling of the metric in order to obtain a canonical Einstein term,
gµν → gµν e− log(1+2t) ,
2 We are working in the reduced Planck units with M = 2.4× 1018GeV .
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the action takes the form:
S =
∫
d4x
√
|g|
[
1
2
R− 3 ∂µt∂
µt
(1 + 2t)2
− µ2 (2t)
2
(1 + 2t)2
]
, (2.3)
S =
∫
d4x
√
|g| 1
2
[
R− ∂µφ∂µφ− 2µ2
(
1− e−αφ)2] , (2.4)
where in the second equation above we introduced the canonically normalized scalar field φ,
αφ = log(1 + 2t) with α =
√
2
3
. (2.5)
To obtain the above expressions, we used the following rescaling formula in d-dimensions:∫
ddx
√
|g| 1
2
YR →
∫
ddx
√
|g|
(
1
2
R− (d− 1)
2(d− 2)
∂µY ∂
µY
Y
d
d−2
)
.
Therefore in the dual expression of the R+R2 theory (when written in the Einstein frame),
the canonically normalized scalar field φ admits a very special potential:
V = µ2
(
1− e−αφ)2 . (2.6)
Notice that the potential is semi-positive definite as soon as µ2 > 0. For large positive
values of φ, V asymptotes to a constant, while for large negative values the potential grows
exponentially. The global minimum is at φ = 0, where the potential vanishes. In summary
V (φ 0)→ µ2, V (φ = 0) = 0, V (φ 0) ∼ µ2e−2αφ . (2.7)
Hence for large positive values of φ, the vacuum is described by an approximate de Sitter
space, which grows exponentially with Hubble parameter proportional to µ,
3H2 = µ2 , H =
a˙
a
. (2.8)
Here a denotes the scale factor of the metric ds2 = −dt2 + a2(dxi)2. For this reason, the
R+R2 theory was proposed by Starobinsky to describe inflationary cosmology. In order to
create a successful density perturbation, δρ/ρ ∼ 10−5, the mass scale µ must be as low as
µ ∼ 10−5M ∼ 1013GeV .
Before coupling the model to realistic matter, we consider the pure R2 theory, which
represents a minimal version of a scale invariant theory without ghosts:
S =
∫
d4x
√
|g|1
2
(R2
8µ2
)
−→ S =
∫
d4x
√
|g|1
2
[
2tR− 8µ2t2] . (2.9)
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The Lagrange multiplier t is introduced as previously, in order to re-express the theory in
the standard form linear in R. The important observation is that the R2 theory is invariant
under global dilatations:
gµν → e−2σgµν , t→ e2σt , (2.10)
where σ is constant. Performing the conformal rescaling of the metric, in order to pass from
the Jordan to the Einstein frame, and performing a field redefinition αφ = log(2t) with
α =
√
2
3
, we obtain
SE =
∫
d4x
√
|g| 1
2
[R− ∂µφ∂µφ− 2µ2] . (2.11)
We observe that the pure R2 theory is conformally equivalent to an Einstein gravity theory
with a positive cosmological constant, coupled to a massless scalar field φ. The vacuum
solution to this theory is nothing but de Sitter space. In the Einstein frame, the initial
dilatation symmetry is translated to a shift symmetry acting on φ, αφ → αφ + 2σ, while
the metric remains invariant. Because of this symmetry the only possible potential for φ is
a cosmological constant µ2, which can be positive (de Sitter), negative (Anti de Sitter) or in
the limiting case zero (flat space).
2.2 The SO(1, 1 + n) generalization of the pure R2 theory
We generalize the pure R2 theory by adding extra matter fields like conformally coupled
scalars, fermions and gauge bosons so as obtain a more realistic scale invariant theory with a
non trivial interacting structure3 It is well known that attributing to the conformally coupled
scalars a scaling weight ws = 1, to the fermions wf = 3/2 and to the gauge bosons wg = 0
then, the global scale symmetry of the matter sector is promoted (at the classical level of the
theory) to a local conformal symmetry, provided that the interactions are gauge or Yukawa
type and that the scalar potential is quartic, Vc = λijkl ΦiΦjΦkΦl.
At the classical level, the scaling symmetry forbids any kind of mass terms and trilinear
scalar interactions. It is well known however that such scale violating terms will be induced at
the quantum level of the theory since then scale invariance is broken. Nowadays however, the
quantum scale violating effects are more or less well understood. They give rise to non trivial
coupling constant renormalization for the interactions and non trivial anomalous dimensions
3The R2 theory of gravity coupled to matter was previously also considered in [46].
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for the fields and other operators. Also, they are strongly restricted by all possible anomalies
that can appear in local interactions. It makes sense therefore to start with a theory which
is scale invariant at the classical level and then implement the quantum corrections [47],
especially the requirements related to anomalies as a second step.
With this in mind, the first minimal extension of theR2 theory is achieved by introducing
conformally coupled matter. The fermionic and gauge boson parts of the action are invariant
under conformal transformations. The action is
S =
∫
d4x
√
|g|1
2
(R2
8µ2
− 1
6
Φ2iR− ∂µΦi∂µΦi − 2Vc(Φi) + . . .
)
, (2.12)
where the ellipses denote the fermionic and gauge boson matter parts. These parts do not
affect the vacuum structure of the model. Observe the absence of the canonical Einstein
term R, since it is not permitted by the scale symmetry. The linear R term is dressed by
the fields Φi which have conformal weight wΦ = 1. Introducing as previously the Lagrange
multiplier field t, the action in Jordan frame takes a more familiar form, linear in R:
S =
∫
d4x
√
|g|1
2
([
2t− 1
6
Φ2i
]
R− ∂µΦi∂µΦi − 2Vc(Φi)− 8µ2t2
)
. (2.13)
Defining
αφ = log
(
2t− 1
6
Φ2i
)
with α =
√
2
3
, (2.14)
and performing a conformal rescaling of the metric
gµν → gµν e− log(2t− 16 Φ2i ) ,
we obtain the action in the Einstein frame:
SE =
∫
d4x
√
|g| 1
2
[
R− ∂µφ∂µφ− e−αφ∂µΦi∂µΦi − 2e−2αφVc(Φi)− 2µ2
(
1 +
e−αφΦ2i
6
)2]
.
(2.15)
Some comments are in order:
• In the Einstein frame the metric is invariant under scale transformations due to the
conformal dressing.
• The full classical action is invariant under the following scale symmetry:
αφ→ αφ+ 2σ , Φi → eσΦi , gµν → gµν , (2.16)
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provided the potential Vc is quartic: Vc = λijkl ΦiΦjΦkΦl. The µ
2 term induced by the
initial R2 theory is also invariant. It contains a constant term giving rise to a positive
cosmological constant plus Φ2 mass and Φ4 interaction terms, dressed by powers of
e−αφ in a way that renders them scale invariant.
• The above scale symmetry is extended to the fermionic and gauge interacting parts of
the theory as a remnant of the initial conformal invariance of the matter sector.
• The scalar kinetic terms indicate that the scalar manifold M(φ,Φi), i = 1, ...n is
isomorphic to a maximally symmetric space, namely the hyperbolic space Hn+1 (the
Euclidean AdS space):
M(φ,Φi) = Hn+1 ≡ SO(1, 1 + n)
SO(1 + n)
. (2.17)
• As in the case of the pure R2 theory, here also, the solution to the classical equations
of motion is de Sitter space, where φ must be constant and Φi = 0. The cosmological
constant is positive and equal to µ2.
• The induced mass terms for the scalars Φi, are of the form expected for conformally
coupled scalars in a de Sitter background: m2i =
1
6
< R >. Indeed in the Jordan frame
the effective (mass)2 terms of the scalars are proportional to < R >. Translating into
the Einstein frame and taking into account the normalization of the kinetic terms of
the fields, gives m2i =
1
6
< RE > |Φi=0 = 23µ2. These are precisely the mass terms
derived from the induced µ2 part of the potential in the Einstein frame.
2.3 The SO(1, 1 + n) model with a scale violating term
The additional R term in the action breaks the classical scale invariance since it shifts the
field 2t → 2y = 2t + 1. More explicitly in terms of the field φ associated to the conformal
rescaling of the metric,
αφ = log
(
2t+ 1− 1
6
Φ2i
)
= log
(
2y − 1
6
Φ2i
)
,
the µ-dependent part of the Einstein frame potential gets a contribution from a scale non-
invariant term:
Vµ2 = µ
2
(
1 +
e−αφΦ2i
6
)2
−→ Vµ2 = µ2
(
1− e−αφ + e
−αφΦ2i
6
)2
. (2.18)
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Notice that the structure of the kinetic part of the action remains unaltered, defining a
scalar manifold which is isomorphic to the H1+n = SO(1, 1 + n)/SO(1 + n) Hyperbolic
space. Therefore the scale violating term R modifies the potential but not the kinetic part
of the theory.
The effect of the scale violating term Einstein term, or equivalently of the term {−e−αφ}
in the potential, is very essential, as it gives rise to an inflationary vacuum structure, very
similar to the one initially proposed by Starobinsky. It changes drastically the vacuum,
inducing a transition from the scale invariant de Sitter phase with < R >= 4µ2 to the
flat phase with < R >= 0. Notice that in the initial scale invariant theory the explicit
dependence of the potential on φ can be always absorbed into the canonically normalized,
scale invariant fields Φˆi = e
−α
2
φ Φi. Writing the theory in terms of Φˆi, the field φ appears
only through its spacetime derivatives. Therefore the potential is φ independent as soon as
the theory is scale invariant. As a result the field φ remains always a flat direction when the
scale symmetry is preserved.
Once scale violating terms are introduced, the potential acquires φ dependence, and
the vacuum structure of the theory gets modified drastically. On the other hand the scale
violating terms, like for instance the Einstein term R we are considering here, are very
welcome since they induce a dynamical transition from the initial de Sitter phase to a more
realistic phase, able to describe our Universe today. The fundamental question that we would
like to investigate concerns the quantum origin of such scale violating terms, viewed in the
framework of a more fundamental theory, like supergravity or superstring theory. Indeed
this is a difficult task, which cannot be implemented without extra input from a fundamental
theory of quantum gravity. We will not be able to claim anything about a possible quantum
origin of the R term in the framework of the non-supersymmetric SO(1, 1 + n) model. We
will be able however to go much further, once we consider its supersymmetric extension,
which we study in more detail in the following sections. Here we analyze the SO(1, 1 + n)
extension of the R2 theory, in the presence of the R scale violating term, without asking
for the moment about its quantum origin. This analysis will be useful not only for the
SO(1, 1 + n) model, but also for all its supersymmetric extensions that we consider in the
next sections.
In what follows we study the three possible phases of the SO(1, 1 + n) model, which
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are emerging in the presence of the scale violating term R, equivalently in terms of the
expectation values of the fields φ and Φˆi. Generically there are three phases:
(i) φ 0 : when the scale breaking terms are negligible.
(ii) φ ∼ 0 : when both the scale breaking terms and the scale invariant terms
are of the same order of magnitude.
(ii) φ 0 : when the scale breaking terms are dominant.
2.3.1 (i) The SO(1, 1 + n) scale invariant de Sitter era
When φ > 0, the induced (mass)2 of the canonically normalized fields Φˆi in an approximate
de Sitter background are positive definite: m2i =
2µ2
3
(1−e−αφ). For large positive values of φ,
Vµ2 is approaching to a constant, Vµ2 → µ2, modulo the massive excitations of the Φˆ2i fields.
These are frozen at Φˆ2i = 0 independently of the structure of Vc(Φˆi), which is quartic in Φˆi.
This statement remains valid even in the presence of mass scale breaking terms, which are
induced at the quantum level of the theory, provided that (miq)
2+ 2µ
2
3
> 0. Differently stated,
the Coleman-Weinberg quantum (mass)2, (miq)
2 (which in general can be negative) [47], has
to be smaller (in absolute values) than the effective de Sitter (mass)2 = 2µ2/3 . In the case
where a particular Φˆi direction is protected by the quartic terms of Vc, the bound on the
quantum generated mass terms is not even necessary. The only thing that can happened
is that this particular Φˆi will develop a non-trivial vacuum expectation value during the
inflationary era. This can modify the effective value of µ2, but it can not modify entirely
the inflationary behavior of the theory.
2.3.2 (ii) The SO(1, 1 + n) flat space era
The potential is semi-positive definite a fact that simplifies the analysis. For any vacuum
the total potential vanishes: V = Vµ2(φ, Φˆi) + Vc(Φˆi) = 0 (zero effective cosmological term).
Furthermore, both parts of the potential, Vc and Vµ2 , must be zero separately. The symmetric
point Φˆi = 0, φ = 0 is always a minimum independently of the choice of Vc. In the case
where Vc does not have flat directions, then the symmetric vacuum is unique. When there
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are flat directions in Vc, then there is a degeneracy vacua along the flat direction of Vµ2 :
< Φˆ2i = e
−αφ − 1 >, with Vc = Vµ2 = 0 . (2.19)
2.3.3 (iii) The SO(1, 1 + n) scale non-invariant era
Here also the behavior of the potential depends crucially on the structure of Vc, namely
whether there are flat directions or not. Suppose there are no flat directions. Then we can
write the potential in terms of the radial field ρ2 = |Φˆi|
2
6
:
V = h2ρ4 + µ2
{
ρ2 − (e−αφ − 1)}2 , with (e−αφ − 1) > 0 , (2.20)
where h2 is given in terms of the direction in the field configuration space of Φˆi (modulo
their coupling constants) which gives the lowest contribution to Vc. Minimizing further with
respect to ρ (while keeping φ arbitrary with (e−αφ−1) > 0), the off shell φ-potential becomes:
V =
h2µ2
h2 + µ2
(
e−αφ − 1)2 , ρ2 = µ2
h2 + µ2
(
e−αφ − 1) . (2.21)
Therefore, the structure of the potential (in the phase where the breaking terms dominate),
turns out to be the same as in the minimal Starobinsky model, even thought in this phase
additional matter fields have non-trivial expectation values. Notice that at the extremum
Φˆi = 0, the potential
V (Φˆi = 0) = µ
2
(
e−αφ − 1)2 , (2.22)
is always higher than the minimum with ρ 6= 0, showing that the extremum at ρ2 = |Φˆi|2/6 =
0 is an unstable maximum.
When Vc has flat directions, then the effective coupling h
2=0. In this case the total
off-shell potential is fully controlled by Vµ2 :
V = µ2
{
ρ2 − (e−αφ − 1)}2 . (2.23)
Contrary to the previous non degenerate case with h2 6= 0, the vacuum structure differs
drastically from that of the Starobinsky model. The explicit presence of ρ, which is not
stabilized by Vc, screens the exponential behavior of φ along the flat direction ρ
2 = (e−αφ−1)
with vanishing total potential. Here, the effects of additional scale breaking terms emerging
at the quantum level of the theory, like for instance Coleman-Weinberg mass terms for the
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fields Φˆi, will play an important role, since in the effective quantum potential of the theory
both ρ and φ will be fixed [48–50].
Before moving to the supersymmetric realization of the SO(1, 1+n) model we would like
to summarize the main observations concerning the scale breaking effects.
• In the absence of scale violating terms, the inflationary de Sitter era is stable. The
fields Φˆi receive an effective mass which stabilizes the radial direction at ρ
2 = 0.
• The presence of the scale violating term R destabilizes the de Sitter vacuum, and
a transition occurs towards flat Minkowski space. Rolling to the flat vacuum is slow
since the scale violating terms in the initial approximate de Sitter era are exponentially
small. In this regime, the semiclassical approximation can be trusted.
• The quantum origin of the R term must be discussed in the context of a more funda-
mental theory of quantum gravity.
• At the end of the inflationary period, the vacuum is approximately flat Minkowski
space. At the classical level the vacuum structure can be degenerate with flat directions
and vanishing cosmological term.
• At the quantum level the degeneracy will be lifted by the induced scale violating terms
in the quantum effective potential. These effects are more or less controllable around
an approximate Minkowski background especially in supersymmetric theories.
• To understand the quantum origin of the gravitational scale breaking terms we need
to move to more fundamental theories, like for instance superstring theories.
We proceed in the following sections in some interesting supersymmetric and superstring
generalizations of the SO(1, 1 + n) R2 inflationary model.
3 Supergravity extensions of the R2 theory
There is extensive work in the literature concerning the supergravity extensions of the
Starobinsky model. While some of our results have been obtained in the past (see in particu-
lar [14]), our approach and set up are new. Our main motivation in this work is to construct
12
scale invariant theories in a de Sitter background, extending the R2 ⊕ conformally invariant
matter theories in the framework of N = 1 supergravity, investigating at the same time their
connections with gauged supergravity and superstring effective theories with fluxes.
The scale non invariant terms will be systematically added, according to the consistency
of the theory at the quantum level. In particular we take into account anomaly cancellation
conditions associated with local gauge symmetries and their connection with the induced R
scale breaking term; quantum induced mass scale violating terms; finally in the presence of
spontaneous supersymmetry breaking, the effective soft supersymmetry breaking terms.
3.1 The minimal scale invariant SU(1, 1+n) supergravity extension
The minimal supersymmetric extension of the non-supersymmetric SO(1, 1 + n) model can
be realized by introducing the supersymmetric scalar partners of t and Φi appearing in the
SO(1, 1 + n) R2-model. Thus we introduce the complex field T and the fields zi, i = 1, ...n
so that
T = t+ ib zi = |zi|eiθi , |zi| = Φ
i
√
6
. (3.1)
In terms of T and the zi’s the supergravity action is given by (here ψI = {T, zi})
S =
∫
d4x
√
|g|
[
1
2
Y
(
R+ 2
3
AµA
µ
)
− JµAµ + 3YIJ¯ ∂µψI∂µψ¯J¯ − Vc
]
, (3.2)
where
Y = T + T¯ − |zi|2 , YI = ∂Y
∂ψI
, YI¯ =
∂Y
∂ψ¯I¯
, YIJ¯ =
∂Y
∂ψI∂ψ¯J¯
. (3.3)
The supergravity construction we are using in this work is based on the so called “old
minimal formalism for the supergravity multiplet” as described by Cremmer et al [51]. We
will not need to go beyond the standard supergravity description at any point in this work.
The relation between different auxiliary field formulations of N = 1 supergravity coupled
to matter [52] can be useful in certain cases, like for instance in solving the apparent non-
holomorphic structure of the the gauge kinetic function fab(zI), after incorporating the string
threshold corrections to the gauge couplings [53]. The new set of auxiliary fields resolves this
obstruction in an elegant way [54]. The “old minimal formalism” is much more general than
the “new minimal one”. The two become equivalent in certain cases by means of a duality
transformation of the antisymmetric tensor fields to axions in a supersymmetric way [14,54].
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In the action above the contribution of the auxiliary vector field Aµ appears naturally
together with the Einstein term R. This vector field Aµ is necessary for the supersymmetric
extension of the model being a member of the R supermultiplet. Neglecting fermionic
contributions, Aµ is determined in terms of the axial current Jµ via its algebraic equation
motion [51]. In all, Aµ and Jµ are given in terms of the scalar fields by the following
expression:
Aµ =
3
2
Jµ
Y
=
3
2
i
YI¯∂µψ¯
I¯ − YI∂µψI
Y
, ψI = {T, zi} . (3.4)
As in the cases of the pure R2 scale invariant model and its extension to the SO(1, 1 +
n) model, the field T + T¯ = 2t appears as a non-propagating field in the Jordan frame.
Integrating this out gives rise to an equivalent theory with non trivialR dependence. Indeed,
the t equation of motion yields
R = ∂
∂t
Vc(T, z
i) → T + T¯ = f(R, b, zi) , (3.5)
determining 2t = T + T¯ as a function of (R, b, zi). If Vc is a quadratic function of t, then
the theory will be equivalent to an R2 theory coupled to matter.
In supergravity Vc is given in terms of the Y function and the superpotential W (ψ
I). In
particular given the potential in the Einstein frame VE, Vc is given by
VE = e
K
{
(WI +KIW )K
IJ¯
(
W¯J¯ +KJ¯W¯
)− 3|W |2}+D−terms
Vc = Y
2 VE . (3.6)
Here K is the Ka¨hler potential (a real function of the scalars), which defines the metric KIJ¯
on the scalar manifold via its holomorphic and anti-holomorphic derivatives:
KIJ¯ =
∂
∂ψI
∂
∂ψ¯I¯
K(ψI , ψ¯J¯) with K = −3 log Y . (3.7)
Hence,
KIJ¯ = −3
YIJ¯
Y
+ 3
YI YJ¯
Y 2
. (3.8)
KIJ¯ is the inverse of KIJ¯ .
The conformally equivalent Einstein frame action is given by
SE =
∫
d4x
√
|g|
[
1
2
R−KIJ¯ ∂µψI∂µψ¯J¯ − VE
]
,
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SE =
∫
d4x
√
|g|
[
1
2
R− 3
4
DµD
µ
Y 2
− 3
4
JµJ
µ
Y 2
− 3
(−YIJ¯
Y
)
∂µψ
I∂µψ¯J¯ − VE
]
, (3.9)
where the term quadratic in the current Jµ is induced by the auxiliary vector field Aµ of the
supergravity multiplet, while the Dµ term is induced by the rescaling of the metric going
from the Jordan to the Einstein frame:
Jµ = i(YI¯∂µψ¯
I¯ − YI∂µψI), Dµ = YI¯∂µψ¯I¯ + YI∂µψI ≡ ∂µY . (3.10)
Like in the SO(1, 1 + n) case (see eq.(2.14)) we introduce the no scale field φ as
αφ = log Y with α =
√
2
3
. (3.11)
The Dµ kinetic part of the action becomes the kinetic term of the field φ, and the action
takes a very suggestive form:
SE =
∫
d4x
√
|g|
[
1
2
R− 1
2
∂µφ∂
µφ− 3
4
e−2αφJµJµ − 3 e−αφ∂µzı∂µz¯ ı¯ − VE
]
. (3.12)
Some comments are in order:
• The kinetic part of the above supersymmetric extension defines a scalar manifold which
is isomorphic to the SU(1, 1 + n) manifold of the no-scale supergravity model [48]:
K = −3 log (T + T¯ − |zi|2) −→ M(T, zi) = SU(1, 1 + n)
U(1)× SU(1 + n) . (3.13)
• The Ricci tensor RIJ¯ is proportional to the metric KIJ¯ rendering the scalar manifold
a maximally symmetric Einstein space:
RIJ¯ = −
∂
∂ψI
∂
∂ψ¯J¯
log det(KIJ¯) = −
∂
∂ψI
∂
∂ψ¯J¯
log Y −(2+n) = −2 + n
3
KIJ¯ . (3.14)
The exponent −(2+n) of Y can be also derived, inspecting the expression of the action
SE in terms of φ, Jµ and z
i. A factor of −2 comes from the term J2µ = (2∂µb + . . . )2,
which contains the kinetic term of the axion field 2b = i(T¯ − T ) modulo zi fibrations.
The additional factor −n comes from the kinetic part of the n complex scalars zi.
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The kinetic part of the SU(1, 1 +n) theory is manifestly scale invariant, in a very similar
way with the SO(1, 1 + n) non-supersymmetric model. In the Einstein frame the scale
symmetry acts as follows:
T → e2σT, zi → eσzi −→ Y → e2σY, eαφ → e2σeαφ, b→ e2σb. (3.15)
The scale symmetry is an invariance of the potential and also of the gauge and fermionic
sectors, provided that the resulting supergravity G function
G ≡ K + log |W |2 , K = −3 log Y , (3.16)
and the gauge kinetic holomorphic function fab are invariant under the scale transformations
defined above. Under these scale transformations K → K−6σ, imposing that W has scaling
weight 3: W → e3σW . This drastically reduces the choices for the holomorphic functions
W and fab. Assuming the absence of fields with zero scaling weight (or else) and focusing to
positive powers of fields in fab and W , the possible choices are strongly restricted. Namely
fab is a constant, proportional to the inverse of the gauge coupling constant square:
fab =
δab
g2α
. (3.17)
For simplicity we choose fab to be block diagonal in the gauge sector. This choice is justified
in the absence of non-singlet fields (under the gauge group) with zero scaling weight. The
possibility of field dependent couplings appearing in fab, as in the heterotic superstring case
where the coupling depends on the dilaton field S, will be discussed in section 5.
Assuming for the moment that the T field and W are singlet under the gauge group –
we will return to this important point latter on – insures that the D-part of the potential is
scale invariant as well:
VD =
g2α
2
(Da)2 =
g2α
2
(
Ki (T
α)¯ıj z
j
)2
=
g2α
2
(
3 z¯ ı¯ (Tα)¯ıj z
j
Y
)2
=
g2α
2
(
3 z¯ ı¯ (Tα)¯ıj z
j
)2
e−2αφ.
(3.18)
As we already stated before, the F -part of the potential will be scale invariant once W has
scaling weight 3. This requirement leads to three possibilities (or linear combinations of
those):
(i) W = c T 3/2, (ii) W = cijk z
izjzk, (iii) W = ck z
k T .
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3.1.1 Case (i). Anti de Sitter realization of the R2 theory
The first choice, W = c T 3/2, gives rise to a scale invariant model with negative cosmolog-
ical term. The vacuum corresponds to an anti de Sitter (AdS) space. The parameter µ2
multiplying the R2 term turns out to be negative. The minimal model assumes the absence
of conformally coupled scalars, which means that the theory is conformally equivalent to a
pure R2 supersymmetric theory.
Indeed, the potential turns out to be negative:
VE = e
K
( |KTW +WT |2
KT T¯
− 3|W |2
)
=
3|c|2
8
( |T | b2
t3
− |T | (t
2 + b2)
t3
)
,
VE = −3|c|
2
8
√
1 + (b/t)2 and m23
2
= eK |W |2 = |c|
2
8
(√
1 + (b/t)2
)3
. (3.19)
The potential is invariant under the scale transformation T = t + ib → e2σT as expected.
The stationary point occurs at b = 0. At this point, the positive part of the potential
proportional to the F -auxiliary field vanishes, FT = e
K
2 (KTW + WT ) = 0, implying the
preservation of supersymmetry. The potential saturates the Freedman bound:
VE = −3m23
2
∣∣
b=0
. (3.20)
The classical vacuum corresponds to an AdS space with non-vanishing gravitino mass term
m23
2
= |c|
2
8
and V = −3|c|2
8
. The parameter µ2 of the conformally equivalent R2 theory is
given by
µ2 = V = −3m23
2
. (3.21)
3.1.2 Case (ii). Flat space realization and the connection to no-scale models
The second choice is a particular case of a class of no scale models [48–50] where the Y
function is linear in T + T¯ , while the superpotential is an arbitrary function of zi but
independent of T :
Y = T + T¯ − g(zi, z¯ ¯) , W = W (zi) . (3.22)
Here g(zi, z¯ ¯) is an arbitrary real function. What is special for this class of models, valid for
any g(zi, z¯ ¯) and W (zi), is that the potential is semi-positive definite, V ≥ 0, independently
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if supersymmetry is preserved or broken at the vacuum. At any minimum of the potential
where V = 0, the T direction is flat, while the gravitino mass term is undetermined at the
classical level. This degeneracy of the vacuum is lifted at the quantum level of the theory as
was shown more than 30 years ago [48,49].
We stress here that in order to lift the vacuum degeneracy at the classical level and
thus stabilize the no-scale modulus T , it is necessary to determine, at a fundamental level,
the origin of T -dependent terms (either in the superpotential or in D-terms). This was a
long standing and tedious problem in supergravity and especially in the string induced no-
scale models. It is well known by now that random modifications destabilize drastically the
vacuum giving rise most of the time to anti de Sitter vacua with unbroken supersymmetry.
The other fundamental property, valid for general g(zi, z¯ ¯) andW (zi), is that the potential
depends only through the derivatives of W , as in the global supersymmetric cases [48]
V =
3
Y 2
Wi g
i¯ W¯¯ + VD . (3.23)
This special property of this class of models shows that adding a constant term w to the
superpotential
W −→ W + w , (3.24)
leaves the scalar sector of the theory unchanged. The gravitino mass and the fermion Ma-
jorana masses are shifted by w. Suppose the theory based on W is supersymmetric at
< W >= 0. Then the theory with a shifted superpotential W + w breaks supersymmetry.
The non-zero gravitino mass is m23
2
= |w|2/Y 3.
The SU(1, 1+n) scale invariant theory is based on the choice g = |zi|2 which is quadratic,
with a trilinear superpotential (w = 0). The choice W = cijk z
izjzk + w gives rise to scale
invariant scalar sector even with non vanishing w. The classical potential is semi-positive
definite and quartic in the fields zi, modulo the dressing coming from φ (1/Y 2 = e−2αφ):
VE = e
−2αφ (z4 terms) . (3.25)
The classical vacua of the model are characterized by Wi = 0 and D
a = 0 (F -flatness
and D-flatness) with VE ≡ 0. The no scale modulus φ and the gravitino mass remain
undetermined at the classical level. This shows that in this class of models the F -part of
the potential can never generate a non zero cosmological term. The only remaining way is
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via a contribution from non trivial Fayet-Iliopoulos D-terms. In this case the superpotential
transforms non-trivially under a local U(1) R-symmetry. This possibility will be investigated
in the subsequent sections.
3.1.3 Case (iii) de Sitter realization of the R2 theory
In the third case the superpotential of the SU(1, 1 + n) model has a specific T dependence,
preserving however the scale symmetry due to a linear dressing by zi. As we will see below the
contribution of the F part of the potential to the cosmological term is non trivial. However
the zi directions are unstable. Here also a non-trivial contribution coming from a U(1)R
Fayet-Iliopoulos D-term is necessary in order to stabilized the zi directions.
In order to simplify the presentation, we keep only one linear combination of the fields
zi, hz ≡ ck zk, together with the no-scale modulus T . The field z is charged under the
U(1)R local gauge symmetry while T is neutral. Our analysis is reduced to the study of the
SU(1, 2) model with a Ka¨lher potential K and a superpotential W given by:
K = −3 log Y , Y = T + T¯ − zz¯ , W = h z T . (3.26)
The metric of the scalar manifold KIJ¯ is given by
KT T¯ =
3
Y 2
, KT z¯ =
3
Y 2
Yz¯ = − 3
Y 2
z ,
KzT¯ =
3
Y 2
Yz = − 3
Y 2
z¯, Kzz¯ =
3
Y 2
(Yz Yz¯ − Y Yzz¯) = 3
Y 2
(T + T¯ ) , (3.27)
which simplifies to
KT T¯ =
3
Y 2
, KT z¯ = − 3
Y 2
z ,
KzT¯ = −
3
Y 2
z¯ , Kzz¯ =
3
Y 2
(T + T¯ ) . (3.28)
The inverse of the metric KIJ¯ is given by
KT T¯ =
Y
3
(T + T¯ ) , KT z¯ =
Y
3
z¯ ,
KzT¯ =
Y
3
z , Kzz¯ =
Y
3
. (3.29)
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The scalar potential has the standard generic form of N = 1 supergravity:
VF =
1
Y 3
{
[WI +WKJ ]K
IJ¯
[
W¯J¯ + W¯KJ¯
]− 3|W |2} ,
KT = − 3
Y
, Kz =
3
Y
z¯, WT = hz, Wz = hT. (3.30)
With the above choice for W , the F part of the potential becomes
VF =
|h|2
3Y 2
{|T |2 − (T + T¯ )|z|2} = |h|2
3
{
b2 + t2 − 2t|z|2
Y 2
}
. (3.31)
It appears to be unstable in the z direction. To study further this instability, we utilize the
variable Y = eαφ rather than t:
VF =
|h|2
12
{
1 + 4
b2
Y 2
− 2 |z|
2
Y
− 3 |z|
4
Y 2
}
. (3.32)
Introducing the scale invariant fields
B =
b
Y
, Φ =
z√
Y
, (3.33)
the F part of the potential simplifies to a manifestly scale invariant form:
VF =
|h|2
12
{
1 + 4B2 − 2|Φ|2 − 3|Φ|4} . (3.34)
At the extremum with B = Φ = 0 the potential becomes constant with a positive
cosmological term. At this extremum the no-scale modulus φ is a flat direction since it
is only derivatively coupled, and thus invariant under translations by a constant. The B
field direction is a minimum with a mass proportional to the cosmological constant. The Φ
direction, however, has a maximum giving rise to instabilities. Even worse the potential in
this direction is unbounded from below. In order to bypass this pathological behavior some
modifications were proposed in the literature. In one the Ka¨lher function gets modified by
suitably changing the Y function of the initial SU(1, 2) scale invariant model with g(z, z¯) =
|z|2. The change amounts to adding higher order terms to |z|2 [7–9,14]:
Y = (T + T¯ )− |z|2 + ζ|z|4 + . . . , (3.35)
where ζ(T, T¯ ) can be in general T dependent. This modification can stabilize z at z = 0
at least locally. Another proposal is that of Ref. [12] where the field z is assumed to be
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a composite field, namely a fermion bilinear of the goldstinos, so that z2 = 0. We will
not consider these cases since our motivation goes beyond finding a Starobinsky-like model
in supergravity. In particular, we would like to find such a model in the context of a
more fundamental theory, like for instance superstring theory. So, we have to maintain the
symmetry structure of the theory (here the SU(1, n+ 1) scale invariant structure).
As we show in the next section, the classical vacuum of the theory is de Sitter space if
and only if there is a non-trivial contribution from a non trivial U(1)R symmetry D-term
necessary for the stabilization of the zi fields. Under this particular U(1)R, the superpotential
transforms with a non-trivial phase giving rise to a non-zero Fayet-Iliopoulos term (FI-term).
4 De Sitter realization with Fayet-Iliopoulos D-terms
Focusing on the de Sitter cases, we must bypass two possible obstructions: the first is
associated with the instabilities appearing in the F part of the potential due to a T -dependent
superpotential like for instance the one of case (iii). The second obstruction is associated
with the flatness of the F part of the potential due to the “no-scale” structure of the theory, as
described for instance in case (ii). We will show below that both obstructions can be resolved
by the contribution of a FI D-term originating from a U(1)R symmetry. We strongly believe,
even if we do not have a general proof, that the precise D-term resolution is generic for all
the scale invariant effective supergravities induced by superstrings. (See section 5 for more
details.)
4.1 W = h z T with a U(1) D-term stabilization of de Sitter
As we showed in the previous subsection, the F part of the potential is unstable. This is
due to non trivial dependence on T of the superpotential. The solution we propose in order
to stabilize the classical de Sitter background is via generating a non-trivial contribution to
the potential from a local U(1) gauge symmetry. The choice of the U(1) gauging must be
compatible with the isometries of the scalar manifold defined by the Ka¨hler potential. Also
in case the superpotential transforms non-trivially under this U(1), the G function of N = 1,
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supergravity must remain invariant:
G = K − log |W |2 , W = h zT, K = −3 log{T + T¯ − |z|2}. (4.1)
There are two available choices:
(a) U(1)R : z → eiwz, (b) O(1, 1)d : z → eσz and T → e2σT. (4.2)
The third possible isometry of K which shifts T
(c) Rt : T → T + is ,
is incompatible with a linear in T superpotential. In both permitted cases, U(1)R and
O(1, 1)d, the superpotential transforms non trivially,
U(1)R : W → eiwW, O(1, 1)d : W → e3σW . (4.3)
Therefore, in both cases there is a non-trivial contribution to the D-terms coming from the
superpotential. This contribution is nothing else but the Fayet-Iliopoulos term realized in
supergravity theories, in the old minimal formulation [51]. We will consider below both cases
since both of them correct the pathological behavior of the F part of the potential.
4.1.1 U(1)R gauging
We first consider the U(1)R gauging. The associated D-term becomes
U(1)R −→ DR = Gi(qz)i = q
(
Kzz +
Wzz
W
)
= q
(
3|z|2
Y
+ 1
)
. (4.4)
In terms of the scale invariant field Φ = z/Y 1/2, it simplifies to
DR = q
(
1 + 3|Φ|2) , (4.5)
where q stands for the charge unit of U(1)R. The first term in the equation above is noth-
ing but the Fayet-Iliopoullos term, originating from the non-trivial transformation of W .
Combining the F and the D parts of the potential, we obtain
V =
|h|2
12
{
1 + 4B2 − 2|Φ|2 − 3|Φ|4}+ g2q2
2
(
1 + 3|Φ|2)2 . (4.6)
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For convenience we define the effective F and D couplings, H2 and G2, as:
H2 =
|h|2
12
, G2 = 3
g2q2
2
,
V = {H2 + 1
3
G2}+ 4H2B2 + (G2 −H2){2|Φ|2 + 3|Φ|4} . (4.7)
The combined potential is suggestive. First, V is manifestly scale invariant since it is ex-
pressed in terms of the scale invariant fields B and Φ. The field Φ is stabilized once G2 > H2.
Both the B and Φ mass terms are non tachyonic; so these fields are stabilized at B = Φ = 0.
In this vacuum the U(1)R symmetry remains unbroken with vanishing gravitino mass term
m3/2 = 0. The field direction Y = e
αφ remains flat. The cosmological constant term,
µ2 = H2 +
1
3
G2 , (4.8)
receives contributions from both the F and D terms of the potential. The contribution of
the D term is just that of the Fayet-Iliopoullos term.
For G2 < H2 the potential has pathological behavior as in the ungauged theory. The
limiting case with
G2 = H2 , (4.9)
is also interesting. In that case Φ decouples from the potential and becomes a flat direction.
The R-symmetry is spontaneously broken as soon as Φ 6= 0. More importantly, the gravitino
mass term is not vanishing as well:
m23/2 = e
K |W |2
∣∣∣
B=0
= |h|2 |Φ|2
(
2TR
2Y
)2
= 3H2|Φ|2(1 + |Φ|2). (4.10)
To our knowledge, this is the first realization of “no-scale models in a de Sitter” background.
4.1.2 U(1)d gauging
In order to study the other possible gauging, it is convenient to perform some analytic field
redefinitions of T and z. We may transform back to the T and z frame when necessary.
Firstly we rewrite G as follows,
G = −3 log (T + T¯ − |z|2)+ log |h|2 (|z|2|T |2)
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= −3 log
{(
T
T¯
) 1
2
+
(
T¯
T
) 1
2
− |z|
2
|T |
}
+ log |h|2
( |z|2
|T |
)
, (4.11)
which exemplifies the scale invariance of G. Secondly we perform the following analytic field
redefinitions:
T = e2iψ, T¯ = e−2iψ¯, and Φn = z e−iψ . (4.12)
In terms of ψ and Φn, G becomes:
G = −3 log {2 cos(ψ + ψ¯)− |Φn|2}+ log |hΦn|2 . (4.13)
The above expression manifests the symmetries of the theory. One is the U(1)R symmetry
acting on Φn: Φn → eiwΦn. This is equivalent to the previous case. There are however
two other inequivalent cases. The first consists of gauging the imaginary translations of ψ
without acting on Φn. We disregard this possibility since it cannot resolve the pathological
behavior of the F part of the potential. The remaining gauging involves both the imaginary
translations on ψ and the U(1)R transformation of Φn. Notice that in this case, there is a
contribution from the superpotential which generates a non trivial Fayet-Iliopoullos term.
The associated D-term becomes
Dd = q
(
3
2 ξ sin(ψ + ψ¯) + |Φn|2
2 cos(ψ + ψ¯)− |Φn|2
+ 1
)
, (4.14)
where ξq is the relative charge associated to the ψ imaginary translation. In terms of the
initial T , z variables this becomes
Dd = q
(
6 ξB + 3 |Φ|2 + 1) . (4.15)
The difference from the U(1)R gauging is the presence of B field, which appears linearly in
the D term and whose coupling is given in terms the FI-parameter ξ. This is a fundamental
difference, since in the absence of the F term contribution, the D term can be zero when
6ξB = −(3 |Φ|2 + 1). The difference however has an even more conceptual significance, as it
is related to the anomaly of the U(1)R gauge symmetry. In fact, the origin of a non-vanishing
FI-parameter ξ is due to quantum effects, necessary for the cancelation of the anomaly of
the U(1)R gauge symmetry, as we will discuss in the following. Indeed, when W transforms
under a U(1)R , this symmetry is anomalous. As soon as this symmetry is not gauged there
is no obstruction. However, when this symmetry is gauged then the theory is inconsistent
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unless a mechanism, which resolves this anomaly exists. The most popular solution is via
an axion field or via the Green-Schwarz mechanism. In both cases the anomaly is canceled
by gauging the translation of an axion-like field, simultaneously with the initial anomalous
U(1)R. This is the difference between the “anomalous” classical gauging of U(1)R and the
“non-anomalous” gauging based on U(1)d. In the first case DR never vanishes, while in the
second case Dd can vanish. The axion field in the second case is nothing but Imψ. Our claim
is that at the classical level both the U(1)R and U(1)d gaugings are acceptable. However,
at the quantum level only the U(1)d gauging provides a consistent anomaly free theory.
Equivalently, at the quantum level the U(1)R gauging together with the “axion-mechanism”
becomes identical to the U(1)d gauging.
It is therefore necessary to examine in more detail the non anomalous U(1)d gauging.
The potential in that case becomes
V = H2
{
1 + 4B2 − 2|Φ|2 − 3|Φ|4}+ G2
3
(
1 + 3|Φ|2 + 6ξB)2 , (4.16)
and so when ξ 6= 0 the trivial minimum B = 0 is not the correct one. Minimizing with
respect to B, keeping Φ arbitrary,
V,B = 8H
2B+4ξG2(1+3|Φ|2+6ξB) = 0, −→ < B >= − ξG
2
2H2 + 6ξ2G2
(1+3|Φ|2) , (4.17)
the effective potential for Φ becomes
V = H2
{
1− 2|Φ|2 − 3|Φ|4}+ Gˆ2
3
(1 + 3|Φ|2)2 . (4.18)
The effective coupling Gˆ2 and < B > are given in terms of H2 and G2 by
Gˆ2 =
(
H2G2
H2 + 3ξ2G2
)
, and 2H2 < B >= −Gˆ2 (1 + 3|Φ|2) .
In terms of Gˆ2 , the effective potential has a similar form as in the U(1)R case:
V =
{
H2 +
1
3
Gˆ2
}
+ (Gˆ2 −H2)
{
2|Φ|2 + 3|Φ|4
}
. (4.19)
When (Gˆ2 − H2) > 0 or G2(1 − 3ξ2) > H2, Φ is stabilized at Φ = 0. If (Gˆ2 − H2) = 0, Φ
becomes a flat direction with non-zero gravitino mass term (de Sitter no-scale model). The
case ξ = 0 reproduces a pure U(1)R gauging. The charge ξ is restricted to be ξ
2 < 1/3,
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otherwise the potential is unstable in the Φ direction. The precise value of ξ is expected to
be fixed by the anomaly cancellation condition at the quantum level of the model.
In both examples of gauging there is non trivial contribution to the cosmological constant
from both the F and D parts of the potential. The F part alone gives rise to instabilities.
This however is not generic and depends crucially on the choice of the superpotential, as we
show in the following subsection.
4.2 W = cijk z
izizk with a U(1) D-term lifting to de Sitter
In this case W is homogeneous of degree 3 in the zi’s. The scale symmetry of the theory
is manifest. The F part of the potential, without a non-trivial contribution from a Fayet-
Iliopoulos D term, is semi-positive definite and therefore all possible vacua have vanishing
potential (VF = 0). There are however three possible U(1) gaugings which can lift the
vacuum to de Sitter space. In contrast to the previous case, here there is no T dependence
in the superpotential. The three isometries of K are
(a) U(1)R : z → eiwz, (b) O(1, 1)d : z → eσz and T → e2σT (c) Rt : T → T + is .
(4.20)
We will examine all possible gaugings in what follows.
4.2.1 U(1)R gauging
Since W transforms non trivially under U(1)R, it generates a non-trivial Fayet-Iliopoulos
term while the F part of the model is quartic in the zi’s:
U(1)R : z
i → eiwzi, and W → e3iwW . (4.21)
Keeping only one combination of the fields for simplicity,
W = cijkz
izjzk = hZ3, VF = 3|h|2 |Z|
4
Y 2
, and VD =
g2
2
9 q2
( |Z|2
Y
+ 1
)2
, (4.22)
so that V becomes (in terms of the scale invariant field Φ = Z/Y
1
2 ),
VR = H
2 |Φ|4 +G2 (1 + |Φ|2)2 , (H2 = 3|h|2, G2 = 9g2 q2
2
)
. (4.23)
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The theory and in particular the potential are manifestly scale invariant as expected. There
are no instabilities in both the F and D parts of the potential. The stationary point Φ = 0 is
always a minimum and the vacuum solution is de Sitter space. The φ field remains massless,
and since Φ = 0 the gravitino mass term is zero with the R-symmetry unbroken. Contrary
to the previous example with linear T -dependence in W ( case (iii)), in this model there is
no contribution to the breaking of supersymmetry from the F term. The breaking is purely
a D breaking.
There are other possible gaugings of this cubic model. Namely, the U(1)d gauging where
we gauge the dilatation symmetry together with the R-symmetry, as we did previously in case
(iii). There is an additional possibility which was not present previously, namely gauging the
imaginary translation of T together with U(1)R. As we will see below the vacuum structure
changes drastically.
4.2.2 U(1)d gauging
As in case (iii), the study of this gauging is more convenient in the (ψ ,Φn) representation
of the fields, where the G function takes the form:
G = −3 log {2 cos(ψ + ψ¯)− |Φn|2}+ log |h|2|Φn|6 . (4.24)
Under U(1)d, ψ, Φn and the superpotential transform as follows
U(1)d : ψ → iξqw , Φn → eiqwΦn, W → e3iqwW . (4.25)
In this representation the dilatation is expressed in terms of imaginary translations in ψ.
The difference from case (iii) is that in this case the superpotential is cubic in Φn and not
linear. The associated Dd term is:
Dd = 3q
(
2 ξ sin(ψ + ψ¯) + |Φn|2
2 cos(ψ + ψ¯)− |Φn|2
+ 1
)
, (4.26)
where ξq is the relative charge associated to the ψ imaginary translation. In terms of the
initial T , Z variables this becomes:
Dd = 3q
(
2 ξB + |Φ|2 + 1) , (Φ = Z
Y
1
2
)
. (4.27)
Here also the difference from the U(1)R gauging is the presence of linear dependence in the
B field, proportional to the FI-parameter ξ. In this cubic case however the F part of the
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potential is independent of B. This is a fundamental difference since the D-term can be
zero when 2ξB = −( |Φ|2 + 1), which for ξ 6= 0 screens the Fayet-Iliopoulos term. The total
potential is semi-positive definite and becomes zero at the global minimum,
Vd = H
2 |Φ|4 +G2 (1 + |Φ|2 + 2ξB)2 →< V >= 0 when < |Φ|2 >= 0 and < 2ξB >= −1.
(4.28)
The vacuum is flat space with < Φ >=0. The supersymmetry, the R-symmetry and the scale
symmetry are unbroken. The B modulus is fixed while the φ field remains a flat direction
with zero gravitino mass.
The off-shell structure with D flatness gives rise to a quadratic potential:
V = H2 (2ξB + 1)2, with |Φ|2 = −(2ξB + 1)
which can give rise to chaotic inflation [55] induced by the imaginary component of T , very
similar to that of Ref. [56]. Generically, the off-shell initial conditions for both Φ and B
give rise to two field “chaotic inflation”, quartic in Φ and quadratic in B. In case the
preliminary results of the BICEP2 collaboration are confirmed with r ∼ 0.2, then this class
of supergravity realizations of two field chaotic inflation will become more attractive.
4.3 N = 1 supergravity with scale violating terms and
the emergence of inflationary potential: U(1)t gauging
The final allowable gauging involves imaginary translations in T . The U(1)t transformations
are defined by their action on T and Z as follows
U(1)t : T → T + iξqw , Z → eiqwZ . (4.29)
The fact that W transforms non-trivially generates a Fayet-Iliopoulos term with correspond-
ing FI-parameter ξ:
Dt = 3q
( |Z|2
Y
− ξ
Y
+ 1
)
= 3q
(
|Φ|2 − ξ
Y
+ 1
)
. (4.30)
So the potential becomes
Vt = H
2 |Φ|4 +G2 (|Φ|2 + 1− ξe−αφ )2 . (4.31)
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The analysis of the vacuum structure is identical to the SO(1, 1 + n) model, in the non-
degenerate case, where the scale breaking term ξ/Y=ξe−αφ was introduced by hand. In the
supersymmetric case however it is induced after gauging of the non-anomalous U(1)t, which
involves gauging the axion shift symmetry corresponding to the imaginary translation of T ,
2b→ 2b+ ξqw. The extension of the gauging, U(1)R → U(1)t (or U(1)R → U(1)d), is not an
arbitrary choice, but a necessary anomaly free consistency condition, which must be valid at
the quantum level of the theory.
As was the case of the U(1)d gauging, the vacuum structure of the potential changes
drastically as compared to the U(1)R anomalous gauging. In both U(1)d and U(1)t gaugings,
the potential is semi-positive definite defining a global minimum with Vd,t = 0. There is
however a fundamental difference: in the U(1)d case the screening of the cosmological term
is achieved via a scale invariant manner, involving the B-field, while in the U(1)t case the
screening is due to the scale violating term, ξe−αφ (ξ > 0), involving the field φ.
Vt has a structure similar to the Starobinsky potential. The scale violating term in-
duced by the gauging, ξe−αφ, is nothing but the the Einstein term ξR of the Jordan frame.
Therefore, gauging the non anomalous U(1)t with FI-term ξ breaks the scale symmetry, by
introducing a non-trivial Einstein term in the initially pure R2 theory. Equivalently, the
initial U(1)R that creates a non-trivial cosmological term is anomalous. Including the axion
shift in the local transformation, thus realizing the U(1)t gauging, resolves the anomaly,
inducing a non scale invariant contribution. This contribution amounts to adding in the
Jordan frame a non trivial Einstein term multiplied by the anomaly coefficient ξ:
R2 −→ R2 + ξR, ξ = TrQR (4.32)
where QR is the charge operator associated with the anomalous U(1)R. Including the con-
tribution of the charge of the axion shift, the anomalous U(1)R is extended to the non-
anomalous U(1)t. The global vacuum of the theory is now flat space due to the screening of
the cosmological term by ξe−αφ.
When several fields Φi are involved, they create a non-trivial scale invariant contribution
to VF , which plays the role of Vc in the SO(1, 1 +n) non-supersymmetric model we analyzed
in detail in section 2.3. Here the radial variable is ρ2 = |Φi|2. The non-degenerate case
(which is similar in structure with the one field case in Eq.(4.31)) gives rise to the Starobinsky
potential, once we integrate over the radial field ρ in the scale breaking era with (ξe−αφ−1) >
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0. In this era ρ2 = (ξe−αφ − 1) acquires a non trivial expectation value. In the inflationary
era, where (1− ξe−αφ) > 0, the radial field is stabilized at ρ = 0.
When there are flat directions, VF can be set to zero along these directions and the total
off-shell potential is fully controlled by VD :
V = G2
{
ρ2 − (e−αφ − 1)}2 . (4.33)
As we already observed in the case of the SO(1, 1 + n) model, the vacuum structure differs
drastically from that of the Starobinsky model. The explicit presence of ρ, which is not sta-
bilized by VF , screens the exponential behavior of φ along the flat direction ρ
2 = (e−αφ − 1)
with vanishing total potential. The effects of additional scale breaking terms, like for instance
Coleman-Weinberg mass terms, will play an important role, since in the effective quantum po-
tential of the theory both ρ and φ will be fixed. The difference from the non-supersymmetric
model is that the corrections are pretty much under control thanks to supersymmetry.
5 String induced R2 models
The scope of this section is to establish the appearance of the scale symmetry in superstring
effective supergravity theories, which are treated at the semiclassical level (α′-expansion).
The origin of the symmetry is purely geometrical, and follows from the initial 10-dimensional
structure of the theory. The dilaton field φ10 and the antisymmetric tensor field Bµν will
play a role. To simplify the presentation we consider the cases where the 6 × 6 internal
metric gIJ is block diagonal, given in terms of three 2× 2 blocks gAij, i, j = 1, 2, A = 1, 2, 3.
As usual, we introduce the complex moduli fields TA and UA
TA =
√
det gAij + iB
A
12, U
A =
gA11 + ig
A
12√
det gAij
, (5.1)
as well as the complex four dimensional dilaton field S
S = e−2φ4 + ia , e−2φ4 = e−2φ10
√
det gIJ , ∂µa = 
νρσ
µ ∂νBρσ. (5.2)
In terms of the volume moduli TA, the complex structure moduli UA and the dilaton field
S, the four dimensional effective action takes the following universal form:
S =
∫
d4x
√
|g|
[
1
2
R− ∂µS ∂
µS¯
(S + S¯)2
− ∂µT
A ∂µT¯A
(TA + T¯A)2
− ∂µU
A ∂µU¯A
(UA + U¯A)2
+ . . . − VF − VD
]
, (5.3)
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where the ellipses stand for the kinetic terms of all other excitations, which are under control
in orbifold or Calabi-Yau compactifications from 10 to 4 dimensions. The above structure
arises in all string compactifications utilizing some perturbative and non-perturbative equiv-
alences between the known string theories, which exchange the role of the individual moduli.
Namely:
(a) Mirror symmetry TA ↔ UA ,
(b) Heterotic-type IIA non-perturbative string duality: T 1 ↔ S ,
(c) Heterotic-type IIB non-perturbative string duality: U1 ↔ S ,
(d) Type IIA-type IIB orientifolds with D-branes and fluxes: TA ↔ UA, . . . .
Many of these moduli fields can be frozen by turing on various fluxes within the different
theories (see e.g. [57] and [58] for a review on flux compactifications). In the most symmetric
cases, like for instance the Z2 × Z2 orbifold compactifications of the heterotic string or the
D5/F5 orientifold constructions of the type IIB theory, none of the geometrical moduli T
A,
UA is frozen. However, in Z3 orbifold compactifications of the heterotic string, as well as
in type IIB orientifold constructions with D3 and D7 branes, the U
A moduli are frozen.
Moreover, in type IIB compactifications the S modulus can be frozen together with the
complex structure moduli UA. In the type IIA theory the situation is similar to the type IIB
cases, as follows via the interchange of UA ↔ TA, equivalently via string-string dualities.
An important result from the study of the type IIB cases is that all complex structure fields
UA, as well as the dilaton field S, are stabilized in generic orientifold compactifications with
fluxes. In the string effective supergravities the fluxes are in one to one correspondence with
the gaugings of the graviphotons, appearing in sub-sectors of the N = 1 (or even N = 0)
theory with non-aligned extended supersymmetries N > 1.
In the heterotic cases the mechanism that stabilizes the S modulus is more involved,
since it incorporates non-perturbative effects, like for instance gaugino condensation [59]
and fluxes [57]. At the level of the N = 1 effective supergravity theory, these effects can be
described in terms of suitable modifications of the superpotential, consistent with the string-
string dualities, especially with the heterotic-type IIB orbifold/orientifold constructions. A
full understanding of the stabilization mechanism of S in the heterotic cases has not yet
31
been achieved. However, assuming that the non-perturbative string-string dualities with the
type II cases hold, we may argue that such a mechanism is possible.
Based on the above, we may assume that in both the type IIB and the heterotic effective
supergravities, the complex structure moduli UA and the dilaton field S are generically
stabilized. The remaining moduli are the geometrical volume moduli TA. Their kinetic
terms are invariant under the scalings
TA −→ e2σA TA (5.4)
and in particular, under the diagonal scaling where σA = σ. This implies that the kinetic
term of the diagonal direction T = TA appears always with a universal normalization coef-
ficient:
− ∂µT
A ∂µT¯A
(TA + T¯A)2
−→ −3 ∂µT ∂
µT¯
(T + T¯ )2
, with K = −3 log(T + T¯ ) , (5.5)
showing that T is a member of an SU(1, 1)/U(1)× U(1) manifold with a specific curvature
[48–50]. Performing a conformal transformation of the metric in order to pass to the Jordan
frame, the field T appears multiplying the Einstein term R without any kinetic term for
T + T¯ : [
1
2
(T + T¯ )
(
R+ 2
3
AµA
µ
)
− JµAµ
]
+ · · · − (T + T¯ )2(VF + VD)E . (5.6)
This shows explicitly that once the potential in the Einstein frame is T + T¯ independent,
then the algebraic equation of the field T + T¯ casts the theory to be conformally equivalent
to an R2 theory.
Switching on the other degrees of freedom associated with the off diagonal metric com-
ponents, does not change this result. The diagonal T + T¯ mode is related to the volume of
the six dimensional compact manifold:
(T + T¯ ) −→ Y = e− 13K(Ta, T¯a; zI , z¯I¯) . (5.7)
T a stand for all components of the metric (the h1,1 moduli fields) and the z
I denote the
Wilson line moduli, as well as the chiral matter fields arising from the orbifold twisted states
in the heterotic string, and states localized on D3 and D7 branes in the Type II orientifold
constructions. It is remarkable that Y transforms homogeneously under the following scale
transformations:
T a → e2σ T a, zI → eσ zI , Y → e2σ Y and K → K − 6σ . (5.8)
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States with scaling weight w = 3, can also appear, like for instance the twisted singlet fields
in the heterotic Z3 orbifold compactification. Their presence however is compatible with the
above transformation properties of Y and K. The profound reason of this scale symmetry has
its origin in the modular invariance of string theory [50]. Remarkably, the above property of
the geometrical T -sector extends to the U -sector, and to several STU -sectors thanks to the
sting-string dualities. It can be extended as well in M -theory and F -theory non-perturbative
constructions. The other important property is that the classical scale symmetry extends to
all sectors of the theory, and in particular to the F and D parts of the potential. Equally
significant for us is the presence of several R-symmetries which are associated to anomalous
U(1)’s. These anomalous symmetries are always corrected at the string level via the axion
gauging, as explained in the previous section in the framework of the SU(1, 1 + n) effective
supergravity.
In what follows we will present some stringy examples, generalizing the SU(1, 1 + n)
model to cases with more than one TA modulus, as appearing in N = 1 heterotic orbifold
compactifications and in type IIB orientifold constructions.
5.1 (T1, T2, T3) moduli with trilinear in z superpotentials
In typical situations the Ka¨hler potential depends on the three TA main moduli as follows:
K = − log Y1 − log Y2 − log Y3, YA = (TA + T¯A)− |ziA|2 . (5.9)
This structure emerges in both the heterotic and the type IIB cases after stabilizing the UA
moduli as well as implementing the non-perturbative stabilization of the S field. What is
also typical is the dependence of the superpotential on chiral fields of scaling weight 1, via
the following trilinear terms:
W = dABCijk z
i
A z
j
B z
k
C . (5.10)
To simplify the presentation we turn on only one such matter field per complex plane:
W = h z1 z2 z3 .
There are three distinct U(1)AR R-symmetries, one for each plane. Gauging either all of them,
or one or two of them, or even the diagonal combination, induces Fayet-Iliopoulos terms.
As we explained previously, these U(1)AR symmetries are anomalous, and must be extended
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to either the U(1)Ad or the U(1)
A
t gaugings, so that the resulting string effective theory be
anomaly free. The U(1)At gaugings introduce scale violating terms, which are responsible for
an inflationary slow roll transition from a de Sitter to a flat Minkowski phase.
For the particular trilinear superpotential, the diagonal gauging yields the following 3-
field inflationary potential:
V = |h|2
(
|Φ2 Φ3|2 + |Φ3 Φ1|2 + |Φ1 Φ3|2
)
+G2
(
|Φ1|2 + |Φ2|2 + |Φ3|2 + 3− ξ1
Y1
− ξ2
Y2
− ξ3
Y3
)2
.
The slow roll inflationary transition becomes transparent once we express the YA’s in terms
of the canonically normalized fields φA:
YA = e
γAφA , γA =
√
2 . (5.11)
The over all no-scale modulus φ is nothing but the diagonal modulus (see Eq.(5.7))
Y = (Y1Y2Y3)
1
3 = e
γ
3
(φ1+φ2+φ3) = eαφ , α =
√
2
3
, (5.12)
as expected by the conformal equivalence with the pure R2 theory in the Jordan frame.
Several models can be constructed according to the anomalous R gauging. In the frame-
work of the effective supergravity this is just a choice. In string theory, the apparently
anomalous U(1)R can be identified in any individual four dimensional model without any
ambiguity. From our experience with the Z2 × Z2 (asymmetric) orbifolds via the fermionic
construction [22], at any time there is a net chirality emerging in a sector associated with one
of the three N = 2 complex planes, there is an anomalous U(1)AR. Therefore, in any realistic
string effective supergravity, the U(1)At non-anomalous gauging is not just a choice but a
necessity. Although the validity of this statement is automatic in the fermionic formulation
(by construction), we believe that it is also valid in all consistent string compactifications.
The above generic statement implies that at least a U(1)At gauging is necessary for any sec-
tor which provides net chirality. If there is a symmetry between the three sectors, then the
“diagonal gauging” described above suffices for the cancellation of the would be anomalous
U(1)AR. In more general asymmetric constructions, it is necessary to consider individual
non-anomalous U(1)At gaugings, for each sectors where chiral matter appears. The resulting
potential of an anomaly free string effective supergravity theory becomes:
V = VF +
∑
A chiral
G2A
(
|ΦIA|2 + 1− ξA e−γφA
)2
, (5.13)
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where VF is the universal F term contribution to the potential (which is independent of the
D-term induced by the gauging). For the trilinear case this part is always scale invariant.
The general analysis of section 2.3 can applied here. In the de Sitter and inflationary eras,
where the ξA scale violating effects are exponentially suppressed, the vacuum corresponds to
an approximate de Sitter space. The ΦIA fluctuations are massive with their masses protected
by the induced de Sitter contribution even at the quantum level. If VF has no flat directions,
there is a unique global supersymmetric flat vacuum with ΦIA = 0 and with all the φA
moduli stabilized. In this case the structure of the of shell potential is similar to that of the
simple Starobinsky model generalized for two and three inflaton fields. However, if VF is
flat in the Φ directions, then the flat vacuum turns out to be degenerate, with DAt = 0, and
with φA and Φ
I
A acquiring non trivial vacuum expectation values. At the quantum level the
vacuum degeneracy will be lifted and both the φA and Φ
I
A vacuum expectation values will
be determined, especially if supersymmetry is spontaneously broken.
The other non anomalous gaugings, U(1)Ad , will not generate a slow roll inflationary era
of the Starobinsky type. Although their relevance for inflationary cosmology may prove to
be important, in the context of the “new inflationary scenario” or “chaotic inflation” [55],
we do not analyze them further in this work.
5.2 (T1, T2, T3) moduli with linear in z superpotentials
In this section we illustrate some stringy examples where fields with scaling weight 1 ap-
pear linearly in the superpotential, generalizing similar models introduced by Cecotti [7]
almost 20 years ago. In the type IIB theory this kind of superpotentials cannot arise in
(2, 2) -superconformal compactifications (like Calabi-Yau compactifications). In the orb-
ifold/orientifold constructions however, the obstructions can be easily bypassed if we in-
troduce non trivial torsion. The simplest example involves Scherk-Schwarz geometrical
fluxes [60, 61], which introduce the desired CY-torsions. These may break the supersym-
metry. In the N = 1 supersymmetric heterotic cases, topological mass terms can arise in
some of the N = 2 sub-sectors of the theory [50]. In summary superstring constructions with
geometrical fluxes permit linear superpotentials in both the heterotic and type IIB cases,
even though the constructions are non trivial. Even at the classical supergravity level the
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generic F part of the potential has pathological behavior. This pathology is due to the fact
that the appearance of the T moduli in the superpotential destroy in general its positivity
properties due to the underline no scale structure. We showed explicitly how this patholog-
ical behavior is cured by suitable D-terms from gauging, lifting the tachyonic directions of
the models – see section 4.1.
We present three typical string inspired models based on linear superpotentials. The
Ka¨hler potential is the same as in the case of the trilinear models described in the previous
section:
K = − log Y1 − log Y2 − log Y3, YA = (TA + T¯A)− |ziA|2 . (5.14)
The simplest case is when one such field, say z=z1, is turned on associated with the first
complex plane. Then, there are two choices producing a scale invariant superpotential:
W = h z (T2 − T3) , with  = ±1 . (5.15)
There are other interesting possibilities where the scale invariance is broken spontaneously,
by the freezing mechanism which fixes UAI ∼ ξ 6= 0 in the presence of non-trivial fluxes, both
in type IIB orientifolds and also in the heterotic cases:
W = h z(2T − ξ), for instance when T2 = T3 = T . (5.16)
The above model looks like the Cecotti model [7]; however it differs from that as it involves
only two out of the three moduli. As we already emphasized before, the stringy origin of the
above typical models is due to geometrical fluxes via a perturbative supersymmetric stringy
Scherk-Schwarz “mass generation” mechanism. This must not be confused with the familiar
Scherk-Schwarz mechanism that breaks supersymmetry.
5.2.1 The linear z1 model with supersymmetric, scale invariant, topological mass terms,
=1
In this case the superpotential is W = h z1 (T2 − T3). The relative minus sign between T2
and T3 is of main importance, since for T2 ∼ T3 it generates supersymmetric mass terms
for the z1 and (T2 − T3) fluctuations. Furthermore the superpotential has two zero modes:
z1 = 0 and (T2 − T3) = 0. This is an essential difference with the  = −1 model we consider
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later. The F part of the potential is well behaving, without instabilities in the z1 direction:
V = |h|2
( |T2 − T3|2
Y2Y3
+ 2|Φ|2
)
F
+G2
(
|Φ|2 + 1− ξ1
Y1
− ξ
Y2
− ξ
Y3
)2
D
, (5.17)
where Φ = z1/(Y1)
1
2 is the scale invariant normalized field associated with the first complex
plane. The U(1)t gauging takes into account the fact that the imaginary translations of T2
has to be the same with that of T3. This is the reason that the in the D term ξ2 = ξ3 = ξ.
The potential is scale invariant modulo the ξ-anomaly terms. It is also semi-positive definite
and has a global flat vacuum:
Φ = 0, ξ1 e
−γφ1 + ξ e−γφ2 + ξ e−γφ3 = 1 and also φ2 = φ3. (5.18)
From a cosmological point of view, this model can be analyzed as a two component infla-
tionary model, since the potential attracts φ3 → φ2 rapidly. Indeed,
|T2 − T3|2
Y2Y3
= (b2 − b3)2 e−γ(φ2+φ3) + sh2γ
2
(φ2 − φ3) , (5.19)
or in terms of the scale-invariant fields B2, B3,
|T2 − T3|2
Y2Y3
=
(
B2 e
γ
2
(φ2−φ3) −B3 e−
γ
2
(φ2−φ3)
)2
+ sh2
γ
2
(φ2 − φ3).
Thus the potential attracts exponentially φ3 → φ2 and B3 → B2.
5.2.2 The linear z1 model with tachyonic, scale invariant, topological mass terms, =−1
For  = −1 the F part of the potential is unstable. The main reason is that the superpotential
term can vanish only for z1 = 0, since (T2 + T3) 6= 0. Therefore, this model creates tadpoles
and a D-term is necessary to resolve the tachyonic structure of the F part. This pathology
is similar to the F -inflationary model of Cecotti [7] and others. Can this pathology be
cured with an additional contribution from a D-term? As we show this can achieved only
by the anomalous U(1)R gauging, without the ξ scale breaking terms arising in the U(1)t
non anomalous gauging. Naively, the (DR)
2 term stabilized the de Sitter phase, without
any inflationary transition to the flat phase. In the U(1)t non anomalous case the potential
becomes
V = |h|2
( |T2 + T3|2
Y2Y3
− 2|Φ|2
)
F
+G2
(
|Φ|2 + 1− ξ1
Y1
− ξ
Y2
+
ξ
Y3
)2
D
, (5.20)
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or
V = |h|2
(
B2 e
γ
2
(φ2−φ3) +B3 e−
γ
2
(φ2−φ3)
)2
+ |h|2 ch2γ
2
(φ2 − φ3)
−2|h|2|Φ|2 +G2
(
|Φ|2 + 1− ξ1
Y1
− ξ
Y2
+
ξ
Y3
)2
. (5.21)
Examining the off-shell structure, we first observe that the two first terms are positive definite
with a minimal contribution when φ2 = φ3 and B2 = −B3 (T2 = T¯3). Along this direction
the potential simplifies and becomes
Veffective = |h|2 − 2|h|2|Φ|2 +G2
(
|Φ|2 + 1− ξ1
Y1
)2
. (5.22)
At the classical level, where the ξ1 term is absent, the model is well defined as soon as
G2 − |h|2 > 0. As soon as this bound is satisfied the Φ direction is massive, forcing the
expectation value to be frozen at zero: Φ = 0. The vacuum is a de Sitter space with a
cosmological constant µ2 = G2 + |h|2. However, when the breaking terms are swhiched on
ξ 6= 0, the de Sitter vacuum is destabilized. Contrary to the previous case with  = 1, where
the global vacuum was flat Minkowski space, here the global vacuum has runaway behavior
because of the tachyonic term −2|h|2|Φ|2 coming from the superpotential. Most models of
this type have similar behavior and have to be disregarded unless a stringy mechanism exists
which can cure this behavior.
5.2.3 The linear z1 model with supersymmetric scale non-invariant mass terms
As we already mentioned before, the origin of this class of models is due to the stabilization
of the U IA complex structure fields and also due to geometrical fluxes, which may break the
scale invariance softly, introducing “scale non-invariant mass terms” in the superpotential:
W = h z1 (2T − ξ), with T = T2 = T3. (5.23)
The F part of the potential is by itself pathological, as in the initial Cecotti model [7].
It is possible here to gauge the non anomalous U(1)At . In the Cecotti model there are
no non anomalous U(1)t or U(1)d gaugings since all of them are broken by the choice of
the superpotential. Only when ξ = 0 the U(1)d gauging is possible that we have already
treated, with a resulting potential having cosmological applications in the framework of
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chaotic inflation. In the model we are proposing the non-anomalous U(1)t is realized in the
first complex plane. Considering this gauging the potential becomes
V = |h|2
{
4B2 +
(
1− ξ
Y2
)2
+
(
4ξ
Y2
− 2
)
|Φ|2
}
F
+G2
(
|Φ|2 + 1− ξ1
Y1
)2
D
. (5.24)
In the de Sitter era, with both Y1 = e
γφ and Y2 = e
φ2 large, the expectation values of the
fields B and Φ vanish, < B >= < Φ >=0, as soon as G2 > |h|2. There is a stable minimum
with vanishing potential:〈
1− ξ
Y2
〉
= 0,
〈
1− ξ1
Y1
〉
= 0,
〈
B
〉
= 0,
〈
Φ
〉
= 0 with
〈
V
〉
= 0. (5.25)
The (mass)2 term of Φ in the Minkowski vacuum is positive receiving contributions from
both parts of the potential, while B receives a mass from the F part only:
m2Φ = 2|h|2 + 2G2 , m2B = 4|h|2 .
When the scale breaking terms for both φ1 and φ2 are dominant, Φ is attracted to zero as
in the de Sitter era. There are however unstable directions in the region where the scale
breaking term Y1 is dominant while Y2 subdominant. In this direction the expectation value
of Φ can make the D-contribution vanish. Then
V = |h|2
(
1− ξ
Y2
)2
+ |h|2
(
4ξ
Y2
− 2
)(
ξ1
Y1
− 1
)2
, |Φ|2 = ξ1
Y1
− 1 > 0 . (5.26)
Therefore, for 4ξ/Y2 < 2 the potential is unbounded from below when ξ1/Y1 is large . This
pathology is harmless initially in the de Sitter era when the ξ/Y2 breaking term grows more
rapidly than ξ/Y1. The other possibility which avoids the asymmetric destabilization is by
enforcing the diagonal direction via suitable geometrical flux terms.
6 Conclusions
The first part of our work is motivated by the observation that the pure R2 theory is the
only scale invariant gravity theory without ghost. As a first step we show that this theory
is conformally equivalent to a conventional Einstein gravity with an extra scalar degree of
freedom φ without potential thanks to the underlying classical scale invariance. At the
classical level there are three and only three possible vacua according to the sign of the
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coupling µ2 of the R2 theory. The de Sitter vacuum (dS) arises, if µ2 is positive, the anti
de Sitter vacuum (AdS), if is µ2 is negative and the flat Minkowski space (M), if µ2 is
zero. Although this is an interesting observation it is not useful in the absence of at least
the observed Standard Model matter with the gauge, Yukawa and self scalar interactions.
This forces us to generalize the R2 theory by coupling it to conformal matter including
all possible interactions. The resulting classical theory has the desired scale symmetry as
a remnant of the conformal invariance of the matter sector. Any mass breaking terms in
both the bosonic and fermionic sectors are forbidden classically. We know however how
the quantum corrections associated to the matter interactions violate the scale invariance
inducing non-trivial scales due to renormalization effects, namely, introducing Coleman-
Weinberg mass terms, anomalous dimensions in the fields and couplings which break “softly”
the classical scale invariance. This kind of scale violation effects are under control via the
renormalizability of the matter sector around a weakly curved gravitational background (in
the approximation where the gravitational background is treated classically).
Disregarding at this step the well known field theory mass-scale hierarchy problem (which
will not be present in the supersymmetric extension of the theory), we present in section 2 the
classical R2 theory coupled to matter. We show that in the Einstein frame the conformally
coupled scalars and the dual field φ (the no scale modulus), associated to the extra degrees
of freedom of the R2 theory, form together a non-trivial scalar manifold in the conventional
Einstein frame: M0 = Hn+1 ≡ SO(1, 1 + n)/SO(1 + n). This is an important result,
since any extension (supersymmetric or not) of the scale invariant R2 theory has to contain
M0 as a submanifold. This universality property of M0 let us to examine in more detail
the vacuum structure of the universal sector based on SO(1, 1 + n) theory in the presence
of scaling violating terms, like for instance the undressed Einstein term R in the Jordan
frame. We have shown explicitly that the R term is the origin of an inflationary slow roll
transition from the de Sitter to the flat space, in a very similar way as in the minimal
Starobinsky model. More importantly, we claim that this transition can be treated semi-
classically once the fluctuation of the scalars fields are protected by the induced de Sitter
(mass)2. The structure of the Minkowski vacuum is generically different from that of the
minimal Starobinsky model. The classical Minkowski vacuum can be degenerate in certain
cases so that the quantum mass terms are becoming relevant, since they will be needed to
determine the correct quantum vacuum of the theory.
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The third step of this work is devoted to the supersymmetric extension of the minimal
SO(1, 1 + n) model. This was achieved in section 3 in the framework of N = 1 supergravity
where we show that the SO(1, 1+n)/SO(1+n) manifold is minimally extended to a Ka¨hlerian
manifoldM1 = SU(1, 1 +n)/U(1)×SU(1 +n). The observation here is thatM1 is nothing
but the no-scale manifold which controls the kinetic part of the scalars and absorbs in a
“magic” way the negative contribution of the supergravity auxiliary fields, namely the well
known −3m23/2 term of the supergravity potential. This “magic” property ofM1 leads to the
positivity properties the F part of the potential independently if supersymmetry is broken or
not, provided that the no-scale modulus does not appear in the superpotential. As a result,
the supergravity F part of the potential looks like the global supersymmetric potential
dressed by the no-scale modulus φ in a multiplicative sense. This positivity property is
explained in section 3 and is further extended in more general no-scale manifolds coming from
strings in section 5. In fact, this is the main reason for the failure of the majority of the models
proposed in the literature when trying to find metastable de Sitter vacua by modifying in an
ad-hoc way the T -dependent superpotential. We show by presenting explicit examples, both
in supergravity in section 3 but also in superstring induced supergravity models in section
5, that the only natural way to resolve the instabilities of a T -dependent superpotential can
be achieved when a non trivial Fayet-Iliopoulos term is created by a gauging of a U(1)R
symmetry. However, this is still not yet an achievement, since all possible U(1)R gaugings,
able to create Fayet-Iliopoulos terms, are anomalous! This means that at the quantum level
the theory is inconsistent. It implies that the gauging of U(1)R alone is not enough and has
to be extended in a consistent way by gauging simultaneously some of the isometries of the
scalar manifold. This leads to two generic extensions of U(1)R, namely to the U(1)d and
U(1)t gaugings, involving the dilatation symmetry or the axionic symmetry of the scalar
manifold. Both of them cure the anomaly by screening the D-term contribution in a scale
invariant manner or, respectively, in a non-scale invariant manner. In both cases the de
Sitter vacuum is destabilized either in a rapid or slow way giving in both cases inflationary
behavior during the transition to the flat Minkowski vacuum.
Concerning the applications in cosmology, for the case of the U(1)d resolution of the
anomaly, the de Sitter instability is relatively fast and is given in terms of a polynomial
potential of degree two in terms of B and degree four in terms of Φ. This kind of inflationary
potentials has to be treated as two component chaotic inflationary model. Generically in
41
this kind of inflationary potentials the predictions for the ratio r of the tensor to scalar
fluctuations is relatively large r=0.2 to 0.01. These models will be relevant if the BICEP2
preliminary results turn out to be confirmed.
In section 5 we investigated the superstring vacuum structure in the generic case where
three anomalous U(1)AR are involved. The resolution of the anomaly via U(1)
A
t induces a slow
transition from de Sitter to flat Minkowski space via three, two or one inflaton components.
We postulate that in superstring theory the resolution of the various anomalous U(1)AR is
generic in all string compactifications.
Namely we show that N = 1 superstring constructions provide metastable de Sitter vacua
supported by Fayet-Iliopoulos DR-terms associated to the several anomalous U(1)
A
R gauge
symmetries. The superstring resolution of these anomalies is achieved via local axion shifts,
which promote the several U(1)R symmetries to U(1)t or U(1)d symmetries.
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